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ABSTRACT
Water Table Fluctuations and Air Encapsulation
May 1984
Michael J. Fayer, B.S.,
M.S.,

University of Maine

Ph.D., University of Massachusetts

Directed by: Dr. Daniel Hillel

A study was undertaken to quantify the amount and per¬
sistence of encapsulated air

in a wet field soil and to as¬

certain which components of the encapsulated air phenomenon
have a bearing on the modelling of water table fluctuations.
At an instrumented field site,

the water table was

brought to the surface repeatedly by sprinkling.
water table reached the surface,

As the

nearly all depths had

apparent water contents less than the porosity,

some by as

much as six percent of the soil's bulk volume.

This dif¬

ference in water content was attributed to encapsulated air.
Drier soils had more air encapsulated upon saturation than
wetter soils.

Faster

infiltration rates resulting from

higher sprinkling rates tended to trap more air.
Under continuous surface ponding,

changes

in soil

moisture content over time indicated the rate of release of
encapsulated air.
3-3-1
m m d
,
few days.

The fastest release rate was 0.007

and it occurred near the surface during the first
However,

some encapsulated air still persisted at

greater depths even after 28 days of ponding.
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Using the parameters measured in the field experiments
and existing numerical model, the infiltration of 10 mm of
water

into a profile was simulated with and without air

encapsulation.

The results showed that although the storage

of water was similar,

the simulations with air encapsulation

consistently predicted greater water table rises,

ranging

from two to five times the rise predicted without air
encapsulation.

Simulations of a 0.3 m deep water table

subjected to barometric pressure and temperature changes
indicated water table fluctuations of 0.01 to 0.13 m.
both cases,

In

the fluctuations decreased by more than 50

percent for each 0.3 m increase in the water table depth.
When the air encapsulation model was applied to five
actual rainfall events,

the simulated water table responses

matched the data more closely.

The best results were

achieved when the water table was within one meter of the
surface.

At greater depths, the predicted water table rises

were short of the measured rises by nearly 65 percent.

More

precise methods of describing the moisture characteristic,
the saturated conductivity,

and the evaporation rate would

probably improve the simulations.
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CHAPTER

I

INTRODUCTION

There was a time when Darcy's law seemed sufficient
for describing the flow of water through porous media.
However,

as our knowledge has been expanded to include

unsaturated flow,

the effects of climatic conditions,

and

soil variability, Darcy's law has proven to be insuffi¬
cient.

Today, with the aid of microprocessors,

a number of

complex flow problems which include some if not all of the
above factors can be solved.

Thus,

phenomena which had

been formerly deemed either too complicated or too insig¬
nificant can now be analyzed through computer simulation.
The simulation of a fluctuating water table is
especially interesting because a water table is so easily
measured yet so intricately linked to every facet of the
water dynamics of the system.

Knowledge of the processes

which cause a water table to fluctuate would help in
understanding observed field phenomena.
Sklash and Farvolden (1979),
as tracers,

For example,

using environmental isotopes

established that groundwater discharge

dominated runoff hydrographs in their study basins for all
but the most intense rainstorms and most prolific ice¬
melting days.

They made the following comment:

1

2

The increased groundwater discharge during runoff
events is apparently related to a rapid rise in
hydraulic head along the perimeter of transient and
perennial discharge areas.
This groundwater ridging
phenomenon probably arises from the almost instanta¬
neous conversion of the near-surface tension-saturated
capillary fringe into phreatic water.

O'Brien (1980) noted that for two small wetlands in
eastern Massachusetts, water table levels rose rapidly
following precipitation.
techniques,

Using hydrograph separation

he found that groundwater discharge was the

primary cause of flood peaks.

In both papers,

it is

apparent that an ability to simulate rapid water table
rises would aid in analyzing the hydrology of areas prone
to this phenomenon.
Fayer and Hillel (1982)

reported that 2-dimensional

simulations of saturated-unsaturated flow in a sloping
field tended to under-predict the response of the water
table to infiltration events.
the discrepancy were suggested:

Several possible reasons for
first, the moisture charac¬

teristic used in the simulation may have been inadequate,
i.e.

it may not have reflected the heterogeneities which

existed in the field;
complicating factor;

second, hysteresis may have been a
and third,

there could have been air

bubbles trapped within the soil matrix.
The mechanisms by which encapsulated air affects the
water table position are mainly the result of either

3

profile water storage changes or bubble volume changes due
to fluctuating barometric pressure,
potential,

and solubility.

temperature, matric

Bond and Collis-George

(1981)

have proposed calling the trapped air bubbles "encapsulated
air"

in order to avoid confusion with the distinctly sepa¬

rate phenomenon of large scale air entrapment in continuous
masses between an infiltrating wetting front and an
impermeable boundary.
Encapsulated air has long been thought to affect water
table levels.

King (1899)

published observations of baro¬

metric pressure and water table levels which indicated that
groundwater levels rose as barometric pressure fell and
fell as the pressure rose.
two mechanisms:
volume changes

He attributed this to one of

unequal loading within the system,

(due to changing barometric pressure) of air

bubbles "entangled" within the soil.
of

or

"entangled" air,

About the mechanism

he wrote:

This hypothesis, however, appears much more
applicable to the short-period fluctuations which the
records often show than to those which are more gradual
and which involve the movement of so much water. . .

King also noted that the rate of outflow from tiles
and springs increased when the air temperature rose.

He

hypothesized that increasing temperatures would increase
the volume of

"entangled" air bubbles,

causing a rise in
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water levels and a resultant increase in outflow.

Higher

temperatures also decrease the viscosity of water,

of

course,

and this would also contribute to increased drain¬

age outflow.
Stevenson and van Schaik (1967) worked with lysimeters
183 cm deep in which water table levels were controlled
using mariotte siphon reservoirs.

Daily losses of water

from the lysimeters were measured,

via the reservoirs,

and

were correlated with weather data for analysis of evapo¬
ration.

The results indicated that rising barometric

pressure caused water to flow from the reservoirs into the
lysimeters.
surface,

With the water table located 91 cm below the

pressure increases of 20 and 46 cm of water re¬

sulted in inflows to the lysimeters of 0.6 and 1.0 cm of
water,

respectively.

This was attributed to the compres¬

sion of encapsulated air present within the soil column.
Turk (1975)

reported fluctuations of 1.5 to 6.0 cm per

day in the summer for shallow water tables in Utah.

He

attributed the fluctuations to temperature-related atmos¬
pheric pressure changes acting on the capillary zone.
Specifically,

he proposed that the water table level

changes were due to the rapid volume change of encapsulated
air

in the capillary fringe.
The objective of this study was to experimentally

quantify the amount and persistence of encapsulated air

in

5

a field soil as well as to ascertain which components of
the encapsulated air phenomenon are important to the mod¬
elling of shallow water table fluctuations.

The different

components will be evaluated, via computer simulation,

for

their quantitative effects on shallow water table fluctu¬
ations.

The ultimate goal is to improve the ability of a

numerical model to simulate water table fluctuations in a
sloping field.

CHAPTER

I I

LITERATURE REVIEW

Experimental Work
Zimmerman (1936) may have been the first to attempt to
measure the encapsulated air content of soils experimen¬
tally.

His

idea was to measure the amount of air displaced

from the top of a column of sand as the soil imbibed water.
The air displaced equalled the volume of water

imbibed.

The volume of soil wetted by the rising water was calcu¬
lated from the height of capillary rise and the porosity.
The volume of encapsulated air

in a sand with an average

particle diameter of 0.5 mm was between 2.8 and 4.7 percent
of the void volume.
0.11 mm),

In a finer sand

(particle diameter

the encapsulated air constituted between 4.8 and

8.5 percent of the void volume.
Seeking to relate encapsulated air contents to soil
and plant factors,
turbed samples,

Smith and Browning

3.75 to 7.5 cm long,

types and under different crops.

(1942) took undis¬
from different soil

Their method was to wet

each sample from below for several hours to several days
(to achieve saturation),

then to percolate water up through

the sample for 30 minutes under a head about equal to the
length of the sample.
tension at the surface,

The water was then brought to zero
after which the samples were
6
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drained to tensions of 10,
Finally,

40,

and 100 cm of water.

the samples were oven-dried.

Knowing the porosity

of the sample and the volume of water removed,

the

encapsulated air content could be calculated.

Of the 200

samples with which Smith and Browning measured, the average
air content was 9.1 percent of the total volume, with a
range of 0 percent (i.e.
percent.

total water saturation) to 22

Clay soils wetted practically to the limit of

their calculated porosity,
occurred unnoticed.

although soil swelling may have

Loose,

silty soils with few coarse

pores exhibited the highest unsaturation values.
Christiansen (1944)

studied the effect of encapsulated

air on the hydraulic conductivity of soils.
water through packed columns,

Percolating

he measured the conductivity

over time for porous material that had been wetted by
different methods.

Only by wetting the sample under a

vacuum was he able to achieve complete saturation.
sandy loam soils,

encapsulated air caused the hydraulic

conductivity to decrease by as much as 75 percent.
tunately,

however,

For

Unfor¬

there were no measurements of the amount

of air encapsulation to correlate with the decrease in
conductivity.

When measuring the conductivity at different

points in a given column,

Christiansen found that it

increased first in the vicinity of the water

inlet and

proceeded to increase from that point into the sample,
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presumably as the encapsulated air gradually dissolved.
Or lob and Radhakrishna (1958) measured the hydraulic
conductivity of different sands and,
umns,

by weighing the col¬

the encapsulated air content of the material.

They

found that a seemingly linear relationship existed up to
the point where encapsulated air occupied 25 percent of the
total void volume.

For one sample,

a medium to fine sand,

an encapsulated air content of 15 percent of the void
volume lowered the conductivity by about 55 percent.
Incidentally,

15 percent of the void volume for this

material represented only 5.2 percent of the soil's bulk
volume.
In order to test his theory regarding the relationship
between water table height and barometric pressure,
(1960b)

experimented with a 239 cm long column.

Peck

After

packing the column with soil and establishing a water table
within it,

he subjected the system to a changing atmos¬

pheric pressure.

Starting with the water table at about 73

cm below the surface,

and cycling through a change in

pressure of about 150 cm of water,
table level fluctuated by 9 cm.

he found that the water

In addition,

he noted that

the water table did not return to its original position in
the soil column when the pressure was returned to its
initial value,
Overall,

thus indicating the influence of hysteresis.

the magnitude of the change in the water table
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level was at a maximum when the water table was at the
surface.
Gupta and Swartzendruber

(1964), while measuring

saturated hydraulic conductivity,

subjected sand-water

systems to a pressure increase aP-

Any resultant volume

change av within the sample was recorded by the movement of
a mercury droplet in a capillary tube.
When the samples had been wetted at atmospheric pres¬
sure,

the conductivities tended to increase to a maximum

over time while av/aP decreased drastically at first, then
more gradually as the conductivity approached a maximum.
For the one sample wetted under a vacuum, the conductivity
was at its maximum immediately.

The initial dramatic

reduction in av/aP was eliminated,

although the gradual

decrease still occurred.
The conclusions were that the early rise in conduc¬
tivity and large decrease in av/aP were due to the removal
of encapsulated air by the flowing liquid.

The gradual

drop in av/aP after the conductivity had reached a rela¬
tively constant maximum suggested that av/aP was a more
sensitive indicator of encapsulated air than the
conductivity.
Norum (1967)

filled a 5x10x81 cm column with sand,

saturated it at atmospheric pressure,

and drained it till a

water table was established at about 55 cm below the sur-

10

face.

Gamma-ray readings,

at the soil surface,

taken while the water table was

indicated encapsulated air values of

about 6 percent by volume only in the upper 40 cm of the
column.

Upon subjecting the column to pressure variations

of about 60 cm of water, Norum observed water table level
changes of about 5 cm.
Norum also conducted an experiment in a 2-dimensional
drainage tank (450 cm long,

180 cm high,

filled with a silt loam soil.

and 90 cm wide)

Drains at both ends of the

tank were opened at 45 cm above the bottom.
pressure, water table level,

The barometric

and outflow were measured.

With an initial water table at about 106 cm below the sur¬
face and barometric changes of about 5 cm of water, the
water table fluctuated over a 3 cm interval.
rate varied by 15 percent,

The outflow

thus demonstrating the effect of

barometric pressure changes not only on the water table
level,

but on discharge rates as well.

Smedema and Zwerman (1967)

tested whether encapsulated

air was necessary to bring about marked fluctuations in a
water table under a temperature gradient.

They set up 122

cm long columns and packed them with sand under freshly
boiled water.

For the case with no encapsulated air,

the

top 20 cm of the column was packed in the same fashion as
the lower 100 cm.

For the encapsulated air case,

20 cm was packed air-dry and wetted from below.

the top
Starting
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with a surface temperature of 22°C and a water table depth
of 20 cm,

Smedema and Zwerman used a cooling capsule to

lower the surface temperature down to 4°C in 4 hours.

In

the "no encapsulated air" case, the water table level
dropped 5 cm within 30 minutes,
the remaining 3.5 hours.

In the "encapsulated air" case,

the water table fell 19 cm,
After 4 hours,
fallen 7°C.

then only fell 1.5 cm in

mainly in the first two hours.

the temperature at the 10 cm depth had only

When the experiment was conducted with the

water table initially at 50 cm below the surface,

there was

no appreciable lowering of the water table in either case.
No attempt was made to actually measure the amount of
encapsulated air.

The authors assumed it was 5 percent

based on the soil moisture characteristic, which indicated
that upon re-wetting from a tension of 100 cm of water,
there was about 5 percent encapsulated air.
Adam et al.

(1969)

studied the diffusion of encapsu¬

lated air from several porous media.

Cores,

4 to 20 cm

long, were allowed to imbibe a wetting fluid.

Changes in

weight of the cores over time were recorded until they were
"saturated", which was signified by no change in weight.
Upon initial "saturation",

amounts of encapsulated air

varied from 5 to 50 percent of the void volume.

All sam¬

ples eventually attained complete saturation, within 10 to
278 days.

Elimination of encapsulated air by diffusion
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started at the end of the core exposed to the atmosphere
and moved into the core from there.
tored by gamma-ray attenuation.

This process was moni¬

Measurements of moisture

contents within the cores at different times showed that
increases occurred at the exposed surface first,

and later

in the interior of the sample.
Encapsulated air also decreases the storage ability of
the soil.
stored

As water

infiltrates into a soil,

it may be

in the unsaturated zone and never reach the water

table.

If,

however,

by encapsulated air,

some of that storage space is occupied
some water may make its way to the

water table and thus cause a rise where none would other¬
wise occur.

Wells and Skaggs

(1976),

using large field

cores 51 cm in diameter and 60 to 80 cm long,

reported that

the amount of water necessary to effectively saturate the
cores was about half that predicted from the soil moisture
characteristic curves.

They attributed the difference to

encapsulated air.
Hanson (1977)
contents

attempted to relate encapsulated air

in an unconfined aquifer to depth relative to the

water table.

He measured the air present by using a soil

sampler designed to take samples from beneath the water
table.

His results

indicated that encapsulated air existed

below the water table and that the content decreased with
depth.

Amounts varied from 4 to 24 percent of the void
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volume at the water table to 1 to 6 percent at a depth of
50 cm below the water table.

More air was trapped in an

aquifer with a rising water table than in one with a fall¬
ing water table.
At one point,

Hanson took samples when the water table

had reached its lowest point in the soil.
sulated air contents of 1 to 10 percent.

He found encap¬
This was at a

point which had supposedly been saturated for at least the
previous nine months.
ments

Due to the infrequency of measure¬

(2 weeks to 2.5 months),

however,

it is unclear

whether the water table was always above the point sampled.
Hanson conducted two further experiments.

He found

that "saturated" conductivity values decreased with in¬
creasing encapsulated air

in a fairly predictable manner.

When roughly 15 percent of the void space was occupied by
air,

the conductivity was cut in half.

Hanson also noted

that the higher the initial free air volume of the soil,
the greater the amount of air encapsulated.

Theoretical Work
Peck (1960a)

sought to establish the theoretical basis

for predicting the effects of changing barometric pressure
and air temperature on soil water tension when encapsulated
air was present.
volume,

changes

He took into account changes in bubble
in water volume

(fixed mass),

and changes
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in the surface tension of water.
His results indicated that changes
tension could be quite large.

in soil moisture

They were especially dra¬

matic for tensions greater than a meter of water head and
for

increasing amounts of encapsulated air.

He then warned

of possible erroneous results derived from pressure outflow
experiments,

such as that for determining the moisture

characteristic.
Peck made a number of assumptions
analysis.

First,

in his theoretical

there were N bubbles of radius r,

and r being constant.

As Peck noted,

both N

"it seems unlikely

that prior knowledge of the size and mass distribution of
bubbles will ever be available".

Second,

bubble solubility

changes were neglected because they were considered small
for the conditions studied.

Finally,

the soil remained constant.

This assumption may have been

appropriate for a small sample,

the mass of water

in

but not for a soil column,

let alone for a field soil (Norum,

1967).

Peck (1960b), neglecting the pressure difference
across the bubbles,

compared his theoretical results to a

column experiment.

When he corrected for solubility

effects,

he found good agreement in matching dZ/dP values,

where Z is the water table height and P is the atmospheric
pressure.

As pointed out by Norum (1967),

this is sur¬

prising in that Peck assumed the encapsulated air content
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to be about six percent throughout the column.
to the moisture characteristic,
(water plus encapsulated air)

According

the apparent water content

at the surface was only about

5 or 6 percent.
Norum and Luthin (1968)

extended Peck's theoretical

analysis to include transient conditions.

They realized

that a changing bubble volume would mean a changing matric
potential.

Thus,

the system would not be at equilibrium

and liquid flow would take place,

due solely to the reac¬

tion of the encapsulated air to pressure changes.
incorporated the effects of encapsulated air

They

into Richard's

equation and tested their theory on the drainage of a
column of Oso Flaco dune sand.
For several drainage experiments,

they found that

their theoretical total potential profiles matched the mea¬
sured profiles well for times after the first five minutes.
During the first five minutes,

however,

predicted the potential profiles.

the theory under¬

Norum and Luthin

reasoned that this may have been due to a less dense top
layer of sand,

a result of the packing technique,

or to the

non-uniform distribution of encapsulated air, which would
have affected the average hydraulic conductivity for a
given cross section.
In an additional experiment,

the outflow valve was

closed and the atmospheric pressure varied.

The predicted
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and measured water table levels were plotted along with the
levels predicted by Peck's theory.

The water table fluctu¬

ations were greatly underpredicted by Peck's theory, while
Norum and Luthin's predictions were in fairly good agree¬
ment with the experimental observations.

They attributed

differences between their theoretical solution and the
experimental results to hysteresis effects other than
encapsulated air

(e.g.

effects due to contact angle or

"ink-bottle" hysteresis).
Norum and Luthin made a number of assumptions.

First,

the conductivity was assumed to be a unique function of the
actual water content.

By their reasoning,

would be in the direction of
ond,

any deviation

increased conductivity.

Sec¬

the mass of encapsulated air at a point in the column

was taken to be proportional to the apparent water content.
This implied that the distribution of encapsulated air was
equal among all pores that were previously empty before
filling.

Third,

the pressure difference across the bubble

meniscus was considered negligible,
by Peck (1960b).
0.1 mm,

an assumption also made

For bubbles with a radius on the order of

this assumption appears to be valid.

Peck (1969) derived the necessary conditions for
bubble stability to air pressure,
water pressure peturbations.

temperature,

and soil

His analysis included the

pressure difference across the bubble meniscus and the
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change in bubble radius as the volume changed.

For spher¬

ical bubbles in an equilibrium state with the atmosphere,
stability to the aforementioned perturbations was possible
when the magnitude of the matric potential was greater than
3 bars.

This was assuming a volumetric encapsulated air

content of 9 percent,

10

4

bubbles per cubic centimeter,

and

a change in tension of 10 bars with respect to the apparent
moisture content.

For bubbles of non-spherical shape due

to the constraints of pore geometry,

stability was possible

at all matric potentials.
Peck also arrived at a characteristic time for bubble
equilibration with the atmosphere,
unsaturated soil.

namely 5.5 hours in an

He noted that although this figure may

differ by at least a factor of 10,

the important point was

that the time was at least as large as the period of signi¬
ficant temperature changes in the field.

Therefore,

felt that it was unlikely that bubbles were ever
equilibrium state.

Peck

in an

CHAPTER

III

NUMERICAL MODEL

The analysis of the effects of encapsulated air on
water table levels will be made by incorporating air bubble
dynamics into a two-dimensional numerical soil moisture
model (Hillel,

1977;

Hillel and Hornberger,

1979)

and ob¬

serving the resultant water table fluctuations.

Water F1.QM

In the model, vertical flow is governed by Richard's
equation:

Se/6t

= i[K(0)

(^(0)-z) ]/<$z

where © is the volumetric moisture content,

Cl]

t is time, K is

the hydraulic conductivity, 'f the matric potential,

and z

the vertical dimension, which is zero at the surface and is
positive downward.

See Appendix A for a complete listing

of all the variables used.
is determined from rainfall,
records.

The surface boundary condition
runoff,

and evaporation

The bottom boundary is set equal to the measured

flux, which in the case of the field being studied was
essentially zero.

For the initial condition,

all water

contents are set equal to their equilibrium value above the
initial water table according to the moisture character-
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istic curve.
Assuming conservation of mass below the water table,
lateral flow (Q^)

is calculated using a saturated flow

equation based on the Dupuit-Forchheimer assumptions:

Q1 * ” Kg h dh/dx

where K

s

[2]

is the saturated conductivity,

of the saturated zone,

h is the thickness

and x is the horizontal dimension.

Water table records from upslope and downslope wells serve
as the boundary conditions.
Fig.

1 illustrates schematically how water flow in the

field is represented by Eqs.

[1]

and

[2].

The two equa¬

tions are linked at the water table.

Encapsulated Air
When air bubbles are present within a soil-water
system, Eq.

[1]

is not exact.

This is due to the effect of

the bubbles on the matric potential, where ^ is now a func¬
tion of the apparent water content 0,

instead of 9.

0 and

9 are related by

0 - 9 + V

where V is the volumetric encapsulated air content.

[3]

In

order to simplify the simulation analysis of the potential

20

Pig.

.

1

Schematic representation of the modelling of
water flow in the field.
Vertical flow is
designated as Q and lateral flow as QL.
The
column widths are 10 m.
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effects of encapsulated air on water table fluctuations,
the problem is divided into two approaches.

The first

approach is to approximate the bulk encapsulation and
release of air with an empirical formula based on the water
content,

from which a value of V can be obtained.

The

second approach is to simulated the effects of pressure,
temperature,

and solubility on air bubble volumes with a

physically-based model.
Encapsulation and Release: The formation and release of
encapsulated air

in the soil can be modelled in a manner

similar to that proposed by Fayer and Hillel (1982).

They

related the volume of encapsulated air at any point in time
to the difference between the initial and present water
contents multiplied by an arbitrary constant.

Appendix B

describes the procedure as well as two improvements.

The

first improvement is that the initial water content is
replaced by the lowest antecedent water content
throughout the simulation.

(9^)

This allows for the possibility

that during the simulation, drainage may cause the water
content to go below the value of the initial water content.
The second improvement is that the arbitrary constant is
replaced by an experimentally determined function (PCAIR),
which relates V to 9^ and 9 via

V * PCAIR (9 - 9i)/(l - PCAIR)

[4]
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Eq.

[3]

can be re-written so that

(3*9 + PCAIR (9 - ©i)/(l - PCAIR)

[5]

Bubble Volume Dynamics: Air bubble volumes can change due
to changing pressure,

temperature,

and solubility without a

concomitant change in moisture content.

Therefore,

if 'f is

to be determined from 0, V must be calculated by means
other than as a function of the water content, namely,

by a

physically-based model of bubble volume behavior.
The ideal gas law relates the bubble volume to the
bubble pressure P^,
M,

the temperature T,

and the bubble mass

by

[6]

V * MRT/Pb

where R is the gas constant for air.
time can be found by differentiating

The change in V over
[6]

to yield

&V/<5t * R [T*M/$t + M6T/<$t - MT(<$Pb/<St)/Pb]/Pb

which is the general form of the equation.
definitive version,

For a more

Pb can be replaced in [7] by

P, - P + y + 207r
b
a
1

where P

a

[7]

is the barometric pressure, (T the surface ten-

[8]
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ion,

and r the radius of the air bubble.

The term "2<T/r"

represents the pressure difference across the bubble meni¬
scus.

Norum and Luthin (1968),

dynamics in soil-water systems,

in considering air bubble
considered the pressure

difference across an air bubble meniscus negligible and
dropped the 2<T/r term in [8].

This left ?b “ pa + % whlch

implies that the bubble pressure can be approximated by the
soil water pressure Pw, where

p
Upon closer examination,

w

= p

a

+ y

however,

(9]

the pressure difference

across the bubble meniscus may not be negligible.

If

bubbles trapped within small pores dissolve and re-appear
in larger pockets, then encapsulated air will tend to
accumulate in the largest pores,
et ai.

(1973).

as suggested by McWhorter

The radii of the largest pores can be

determined from the tension at which the largest pores
start to empty,
pressure.
or smaller,

i.e. the air-entry tension or bubbling

The actual bubble radius may be slightly larger
but should be sufficiently similar to that of

the enclosing pore.
An analysis of the error

involved in ignoring the 2<T/r

term can be found in Appendix C.
study,

For the conditions under

errors of 6 percent or higher may result so that it

appears necessary to include the 2<T/r term in [8] with a
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constant value for r.
Norum's
&P

w

.

(1967)

Also included in Appendix C is

error analysis where 6p^ is approximated by

For this study, the substitution of 6P

be shown to be acceptable

w

for <$P, can
b

(one percent error for a bubble

radius of 0.05 mm).
Equation [7]

can be altered in several ways in order

to show the effects of any one variable.

Three special

cases are presented below.
Barometric Pressure.

Holding T and M constant, the effect

of changing barometric pressure and matric potential on the
water table can be simulated.

The equation would be:

Sw/St =* - mrt [£pa/<$t + £y/£t]/Pb2

[10]

The term SP /St can be supplied to the model with baroct

metric pressure records or an equation relating P

to time.

The term 6V/6t will depend on the nature of the problem
being solved and must therefore be calculated repeatedly
during the simulation.

One way to do this

is to project

the value of S^/St from past values of the matric
potential.
Temperature.

If Pa and M are held constant,

changing soil temperature could be studied.

the effect of
The equation

would be:

6v/6t - MR [6T/6t - T(<$4y<5t)/Pb]/Pb

[11]
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The temperature change,

6T/^t,

at any depth will at least

depend on the surface temperature,

as well as other factors

such as the thermal conductivity and moisture content.

In

order to simulate the propagation of a temperature wave
through the soil, Eq.

[12.31]

of Hillel (1980)

can be used,

which is:

T(z,t)

* TAVE + AQ[sin(0)t - z/d) ]/exp (z/d)

[12]

where TAVE is the average surface temperature, Aq the
temperature wave amplitude,cu the radial frequency, which
in the case of surface temperature translates to a diurnal
cycle,

and d the damping depth.

Although inconsistent with

the numerical nature of the model, Eq.

[12]

allows for a

rough approximation of temperature in the soil over time.
For a fairly wet sandy soil such as that used in this
study,

a damping depth value of 0.143 m can be used

Table 12.3 of Hillel,

(from

1980).

Mass of Encapsulated Air.
encapsulated air changes,

For the case where the mass of
equation [7]

becomes:

&V/6t - RT [Sm/St - M(<$T/6t)/Pb]/Pb

[13]

When the mass of encapsulated air changes only by diffusion
to or from the soil water, the term 6M/6t can be approxi¬
mated by
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Z>M/6t = e 6c/St = e d 62c/4z2
where C is the concentration of dissolved air

[14]
in water and

is the diffusion coefficient of dissolved air through
water.

The diffusion coefficient is assumed to be constant

with depth in order to get an approximate solution.

The

concentration gradient between encapsulated air bubbles and
the bulk solution can be calculated by assuming the concen¬
tration at the bubble surface is always in equilibrium with
the bubble pressure and the concentration in the bulk
solution is initially in equilibrium with the atmosphere,
although it can change as encapsulated air dissolves.
Knowing the air or bubble pressure,

one can calculate the

concentration from Henry's Law:

C = K,P

n

where
ent .

[15]

is Henry's constant, which is temperature depend¬

CHAPTER

IV

MATERIALS AND METHODS

Site Description

The site chosen for study was the soil physics re¬
search field,

located on the north edge of the University

of Massachusetts'

Amherst campus.

The 2 meter deep soil

profile overlies a compacted glacial (basal)

till layer.

Both the field and till surfaces slope to the west at
roughly 6 to 9 percent.

The humid climate contributes an

averace annual rainfall of 1140 ram,

and this accounts for

the presence of a water table within the profile through
most of the year.

The vegetation is a perennial mixed-

grass turf that is mowed regularly.
The soil is a Typic Dystrochrept
lcan>.

(Ninigret fine sandy

The texture changes from the fine sandy loam at the

surface to a loamy sand at the bottom.

A plot of particle

size data for the study site shows a similar distribution
for all depths

(Pig.

all roughly 3.5,

2.).

The uniformity coefficients are

except for the surface layer, which is

. .

11 1

Although previous measurements have been made of the
soil aoisture characteristic for the field as a whole,
undisturbed samples were taken from different depths within
the test site.

The moisture characteristics of these
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PARTICLE DIAMETER,

Fig. 2.

Jim

Particle size distribution curves.
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samples were determined by the hanging column method.
Tempe cells were used to hold the samples while the volume
of water outflow per given tension increment was measured
with a burette.
depths.

Fig.

3 shows the results for several

The lower depths appeared to release much more

water between 6 and 10 kPa of tension than the surface
layer.

A summary of the Tempe cell data can be found in

Appendix D.
The results of previous conductivity experiments done
at the University of Massachusetts will be used in the
simulation studies.
2.58 x 10 ^ m/s,

The average saturated conductivity was

as determined by the constant head method.

The conductivity function was measured by the instantaneous
profile method

(see Fig.

5 of Fayer,

1981).

The placement of equipment in the field is illustrated
in Fig.

4.

The tensiometers were made from 2.5 inch long

porous ceramic cups epoxied to 3/4 inch O.D.
The water

acrylic tubes.

in the tensiometers was connected to a mercury

reservoir by 1/8 inch flexible plastic tubing.

The height

to which mercury rose in the tubing could be used to
calculate the tension at the cup.
1-inch O.D.

The wells were made of

PVC pipe, with six 1/4 1-inch holes drilled

every 6 inches and covered with fine brass screening.
The access tubes were 2 inch O.D.

aluminum pipes and

were specially installed to minimize disturbance and to
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Fig.

3-

Soil-moisture characteristic curve
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Map of the experimental field showing the
placement of equipment.
All encapsulated air
measurements were taken at site (a).
Upslope
sprinkling and ponding took place at site (b).
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allow measurements below the water table without getting
the probe wet.
inches

First,

each access tube was pressed 6

into the soil and the soil within the tube was

augered out.

The tube was then pressed further into the

soil and the process was repeated until the tube hit the
till layer.

The inner sides of the tube were then cleaned

and a rubber stopper with a nut and bolt through it was
inserted.

The stopper was pushed to the bottom and the nut

tightened till the stopper expanded sufficiently to tightly
seal the tube.
The soil air pressure monitors were made of the same
1-inch PVC pipe as the wells,
bottom.

but were only open on the

Each monitor was connected to its own water

manometer, which was used to indicate any differences
between the barometric pressure and soil air pressure.
Two different sets of sprinklers were used to apply
water at different rates during several field experiments.
The rotary sprinklers applied water at the rate of 3.5 x
10 6 m/s,

or 1/2 inch per hour.

applied water at 3.8 x 10

m/s,

The mist sprinklers
or 5.4 inches per hour.

Neutron probe measurements were made before, during,
and after completion of sprinkling.

Measurements during

sprinkling were possible because the sprinkling schedule
was 10 to 20 minutes on and 12 minutes off.
minutes off,

During the 12

a 1-minute count was taken at each depth.
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Before and after sprinkling,
experiments,

and during the ponding

two 1-minute counts were taken at each depth.

For the simulation of actual field events,
of several hydrologic variables was required.

knowledge
A tipping-

bucket event recorder monitored both the intensity and
total amount of rainfall.

A class

'A'

evaporation pan

provided data on the daily total potential evaporative loss
from the field.

Runoff plots were used to indicate how

much rainfall infiltrated the soil.

Finally,

a barograph

was used to record the changes in atmospheric pressure.

Experiment Description
Except for Hanson (1977),

there do not appear to be

any quantitative reports of encapsulated air
situations in the soil physics literature.

in field
To establish

the reality of this phenomenon in the field soil under
study,

a method was devised whereby encapsulated air could

be measured non-destructively.
At an instrumented site,

the water table was brought

to the surface using sprinklers.

Once at the surface, the

water table was maintained there by ponding.

Moisture

profiles before and after sprinkling and several times
during ponding yielded at least two results.

First, they

revealed how much of the available pore space at different
depths was occupied by encapsulated air.

Second,

they
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revealed the rate at which the water content increased at
different depths under ponded conditions,

thus indicating

the rate at which air from the bubbles was going into
solution or escaping.
Since the water table was at the surface,
were under pressures greater than atmospheric.
they should have dissolved or escaped,

all bubbles
In time

assuming that no

hydrophobic surfaces exist in the soil (Liebermann,

1957).

The rate of air bubble dissipation should be dependent on
the diffusion coefficient of air

in soil water, the

quantity of water flowing through the site,
atmospheric pressure,

temperature,

and the dissolved air content of the

flowing water.
For the sprinkling experiments,

the schedule was as

follows:

1.

August 18, 1981: Using the rotary sprinklers, the
water table was brought to the surface at site
(a) .
Once the water table reached the surface,
hoses were turned on which kept water ponded
behind the aluminum flashing at site (a) for the
next 22 days.

2.

September 17 and 30, 1982: Using the misting
sprinklers, the water table was brought to the
surface at site (a).

3.

October 7, 1982: Using the misting sprinklers, the
water table was brought to the surface at site
(b) .
Because site (a) was downslope from site
(b), the water table at site (a) came to the
surface.
Therefore, during this experiment
(subsequently labelled "upslope infiltration")
measurements were taken at site (a).
After the
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October 7 experiment, the water table was kept at
the surface at both sites for 28 days by ponding
behind the aluminum flashing at site (b) .
For the simulation studies of hypothetical events,
such as fluctuating air pressure and surface temperature,
the maximum fluctuations to be expected in the field were
used.

For the simulation studies of actual rainfall

events,

all variable inputs were measured data;

none were

modified through model calibration.
The basic approach taken in the numerical analysis of
the various encapsulated air phenomena was as follows:

1.

Formulate the different initial conditions that
correspond to given water table depths below the
surface.
Set deep drainage, lateral flux, and
evaporation equal to zero.

2.

Run each model with a particular phenomenon
affecting encapsulated air, such as changing
barometric pressure, and observe the effect on the
water table.

3.

Compare the various effects on the water table for
the different initial water table depths and
determine which encapsulated air mechanisms are
important and under what circumstances.

CHAPTER

V

RESULTS

Field Experiments

Sprinkler Experiments.

Fig.

5 shows the moisture profiles

before and after sprinkling for three sprinkling experi¬
ments.

The final saturation profiles are also plotted.

The saturation moisture contents are those from the end of
the ponding experiments and are the maximum moisture con¬
tents ever measured at those points in the field.
In all our experiments, no profile wetted up immedi¬
ately to saturation following sprinkling.

The average

volumetric deficit to saturation after sprinkling was 4.1
percent.

Table 1 contains the volume of encapsulated air

for each depth and time,

assuming that the difference be¬

tween the water content just after sprinkling and the final
saturated water content represented encapsulated air.
Three different wetting methods were tried:
fast,

and flow from upslope infiltration.

Fig.

slow,
6 is a plot

of the amount of encapsulated air versus the initial pore
air space
volume.

(IPAS),

both expressed as percentages of the void

Wetting by fast sprinkling and by subsurface flow

from upslope infiltration

(curved lines)

slightly more air than slow sprinkling
This was expected,

appeared to trap

(straight line).

since laboratory experiments have indi-
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Pig.

5.

0.52 0.26

0.39

0.52 0.26

0.39

0.52

Water content profiles before and after sprinkling and the porosity
profile.
The labels "slow”, ’’fast", and "upslope" refer to the
method of infiltration.

0.39

WATER CONTENT,
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Table

Depth
(m)

1.

Volumetric encapsulated air contents once
the water table has reached the soil sur¬
face .

Volumetric Encapsulated Air Contents
(m3nT3)

Infiltration
Slow

Fast'*’

Upslope

0.30

0.048

0.059

0.057

0.45

0.050

0.053

0.053

0.60

0.063

0.062

0.057

0.75

—

0.044

0.043

0.90

0.047

0.034

0.034

1.05

-

0.020

0.014

1.20

0.017

0.011

0.015

^30 September 1982

ENCAPSULATED AIR,
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Fig.

6.

Encapsulated air contents after sprinkling
versus the initial pore air space (IPAS),
both expressed as fractions of the void volume.
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cated that the faster the infiltration rate,
is encapsulated

(Davidson

al.,

the more air

1966).

One obvious reason why a slower

infiltration rate

should result in less air encapsulation is that with
slower-wetting soil,

air would have a longer time to leave

the profile before all avenues of escape were blocked by
the infiltrating water.

Although we did not measure soil

air pressures during the slow infiltration experiment,
measurements that we made during rainfall events of similar
intensity detected no appreciable increase in soil air
pressure.

Under the high rate of

infiltration,

on the

other hand, measured soil air pressures were of the order
of 0.5 to 1.0 kPa above the prevailing atmospheric
pressure.
The amount of encapsulated air was divided by the
initial amount of pore air space and called PCAIR (percent
of

IPAS that became encapsulated).

PCAIR was then plotted

against the initial pore air space and a pattern emerged
(Fig.

7).

The greater the initial pore air space (i.e. the

drier the soil),

the smaller the value of PCAIR.

This does

not mean that less air on a volume basis was encapsulated
when the initial pore air space was high,

but that the

"percentage" of pore air space encapsulated at those
greater

initial air contents was smaller.

seen in Fig.

6,

In fact,

as is

the actual volume of encapsulated air was

PCAIR,
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INITIAL PORE AIR SPACE, M3 M'3

Fig.

7.

Percentage of the initial pore air space that
becomes encapsulated (PCAIR) versus the initial
pore air space expressed as a fraction of the
void volume.
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greater when the initial pore air space was higher.
In Fig.

7,

PCAIR is plotted as a function of the

pre-wetting IPAS value using the equation

PCAIR - a exp(b In2 (IPAS))/(IPAS V27T)

where a and b are curve-fitting parameters.

[16]

This equation

is intended to represent the maximum PCAIR value to be
expected for any wetting method or
Although no data existed for
percent,

initial condition.

IPAS values greater than 50

it was assumed as a first approximation that the

equation could be used in that range as well.

This yielded

a PCAIR value of 18 percent for an oven-dry soil, which we
considered reasonable.

There was also no data for

IPAS

values less than 4 percent,

although PCAIR must equal zero

for an IPAS value of zero.

Eq.

16 was used only because it

described the maximum relationship reasonably well.
Strictly speaking,

however,

the use of such an equation

should require knowledge of the rate of wetting for each
soil depth as well as the previous wetting history (invol¬
ving the classical hysteresis problem).
A final point to be made here is that the measured
amounts of encapsulated air cannot be assumed to have been
encapsulated only upon the wetting of the experiments.
Some encapsulated air may have already been present at the
start of sprinkling.

If so,

it may have clouded the re-

43

suits of the experiment comparing different wetting
methods,

since each wetting method was used at a different

time and with a different initial soil moisture profile.
Ponding Experiment.

Fig.

8 shows the changes which

occurred in moisture content over time at different depths
when the soil surface was ponded.

Assuming that the

largest final moisture content equalled the porosity, the
actual volumes of encapsulated air could be calculated.
Note that if encapsulated air still existed at the end of
the ponding experiment,
under-estimated.

the porosity would have been

Thus the actual volume of encapsulated

air would have been greater than that calculated using the
moisture contents at the end of the ponding experiment.
Fig.

9

indicates the rate at which encapsulated air

dissolved into the groundwater or escaped from the profile.
The fastest loss of air occurred at the 0.3 and 0.6 m
depths when under direct ponding.

At those depths, the

encapsulated air content decreased at a rate of 0.007
m3m 3day 1 during the first three days.

At greater depths,

the initial rate of decrease was much smaller,
0.001 to 0.004 m3m”3day_1.

ranging from

With ponding upslope, the rate

of air removal was slower and ranged from 0.001 to 0.004
m3m-3day-3' during the first few days at all depths.
all soil depths and both experiments,

For

the rate of encapsu¬

lated air removal decreased continuously with time,

as the

WATER CONTENT,
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0.51
UPSLOPE PONDING

0.47

0.43-

0.39

Fig.

8.

Water content changes over time when water was
continually ponded on the soil surface.

VOLUMETRIC ENCAPSULATED AIR,
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Fig.

9.

Volumetric encapsulated air content changes
over time while water was continually ponded
on the soil surface.
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amount of air decreased and eventually approached zero.
The results from site

(a)

provided an opportunity for

evaluating whether water had to be ponded directly on a
site to eliminate the encapsulated air.

As seen in Fig.

9,

the rate of encapsulated air removal at all depths was
greater under direct ponding.

This may have been a con¬

sequence of the ambient air temperature.

The site

(a)

ponding experiment was run in August when the temperature
was very high.

As the water

infiltrated into the soil,

it

would have cooled and been able to hold more dissolved air,
thus increasing the likelihood that any encapsulated air
present would dissolve.

The other ponding experiment was

run in October when air temperatures more nearly coincided
with the groundwater temperature.
Several other possibilities exist for explaining why
direct ponding eliminated encapsulated air more readily.
First, more water passed through the profile under direct
ponding than with upslope ponding.

Greater convective flow

would remove more dissolved air and help to reduce the
amount of encapsulated air.

Second,

since the site

(a)

profile was wetted by different methods prior to each
ponding experiment,

the distribution of encapsulated air in

the soil pores may have been different for the two experi¬
ments.

Finally,

since water ponded upslope had to first

pass through the soil profile at site

(b)

and then move ten
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meters downslope,

it may have become nearly saturated with

dissolved air by the time it reached site

(a).

Thus, there

would have been little chance of dissolving appreciably
more air at site

(a).

Note that even after 28 days of

ponding upslope there was still an encapsulated air content
of 1.7 percent by volume at the 0.3 m depth.

Simulations oJL Encapsulated Air Dynamics
The four aspects of the encapsulated air phenomenon
that will be reviewed in this section are profile water
storage,

barometric pressure,

temperature,

and solubility.

Air encapsulation and release and the effect on profile
water storage,

and thus the water table, were simulated

mathematically using the parameters measured in field
experiments.

Those experiments revealed the relationship

between the initial pore air space
moisture content)

(i.e. the antecedent

and the amount of air encapsulation to be

expected during wetting of the soil.
changing barometric pressure,

The effects of

temperature,

and solubility

on the water table were simulated using the solutions de¬
tailed previously in the Numerical Model section.
Profile Water

Storage.

In order to observe the effect of

air encapsulation on profile water storage,
water table, we set up five scenarios

and thus the

in which the profile

was at equilibrium with a water table at depths of 0.6,
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0.9,

1.2,

1.5,

and 1.8 m below the surface.

Ten milli¬

meters of water were then allowed to infiltrate through the
surface over a one hour period.

After

once a new equilibrium was established,

infiltration,

and

the water content

profiles and water table levels were plotted.
In Fig.
cases

10,

the final water content profiles for both

(with and without encapsulated air) were plotted for

two initial water table depths,
m depth,

0.6 and 0.9 m.

For the 0.6

the "no encapsu- lated air" simulation predicted a

0.212 m rise.

The simulation with encapsulated air pre¬

dicted that the water table would rise all the way to the
soil surface after only 5 mm of
rise),

infiltration (i.e.

a 0.6 m

thus allowing the remaining 5 mm of rain water to

form runoff.
Because of the reduced infiltration of water
profile with air encapsulation,

into the

there was a difference be¬

tween the two water content profiles even after equilibrium
was established.

All water contents for the "no

encapsulated air" simulation were equal to or greater than
those for the "air encapsulation" case by as much as 0.013
mm

.

In a field situation,

such differences may be

detectable with a neutron probe.
For the 0.9 m depth,

the "no air" simulation predicted

a water table rise of 0.07 m versus 0.17 m for the "air
encapsulation" case.

A comparison of the moisture profiles

Fig.

10.

0.48

0.32

0.40

0.48

Simulated water content profiles, with and without air encapsu
lation, after the infiltration of 10 mm of water.
The initial
water table depths were 0.6 and 0.9 m.

0.40

WATER CONTENT, M M'J
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revealed that the moisture contents for the "no air" simu¬
lation were greater than those for the "air encapsulation"
case near the water table, while the reverse was true near
the soil surface.

This result also held for the simula¬

tions with the initial water table at depths of 1.2,

1.5,

and 1.8 m.
The explanation for why different moisture profiles
formed is that near the water table,

the soil in the "air

encapsulation" simulations wetted up to some water content
less tham saturation due to the presence of air in soil
pores under the water table.

Since less water was needed

to raise the water table at those depths, more water was
available for distribution throughout the overlying pro¬
file.

Thus, water contents near the soil surface tended to

be higher

in the "air encapsulation" cases than in the

cases with no air encapsulation.
Quantitatively,

the maximum differences

in moisture

content between the "air" and "no air" simulations of water
table depths ranging from 0.9 to 1.8 m were about 0.008 to
3 -3
0.002 m m
,

respectively.

These maximum differences

occurred near the surface, where it would be difficult to
distinguish them.

At greater depths,

the moisture content

differences were smaller and would probably be undetectable
by present measurement methods.

Thus, moisture profile

measurements alone may fail to determine which water table
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rises are due to air encapsulation and which are not.
Although there is little discernible difference
between any two moisture profiles,

there is an obvious

difference in the simulation of the water table levels.
Fig.

11 shows changes in the water table levels with time

for several different initial conditions.
the inclusion of encapsulated air
rise of the water table.

In all cases,

increased the predicted

In general,

the magnitude of the

increased rise was greater for shallower water tables.

A

summary of the results is listed in Table 2.
It is obvious that changes in the PCAIR function will
determine the magnitude of any water table response to in¬
filtration over and above the normal (without air)
What is not clear,

however,

changes.

is that the shape of the

moisture characteristic also determines the response of the
water table.
Simulations with and without air encapsulation were
run using each measured moisture characteristic
Appendix D)
1.5 m.

(see

and initial water table depths of 0.9,

The results,

listed as ranges in Table 2,

1.2,

and

show that

the water table response under given conditions depends,
part,

in

on the moisture characteristic.
Using the average moisture characteristic and an

initial water table depth of 0.9 m,

the air encapsulation

simulation predicted a water table rise of 0.373 m,

or 3.6

WATER TABLE DEPTH,
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TIME, D
Fig.

11.

Simulated water table responses, with and
without air encapsulation, following the in¬
filtration of 10 mm of water.
The initial
water table depths were 0.6, 0.9> 1*2, 1.5,
and 1.8 m.
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times the 0.104 m rise for the no air simulation.

When the

moisture characteristic for the 0.75 m depth sample was
used,

the air encapsulation simulation predicted that the

water table would surface (i.e.

rise by 0.9 m), which is 5

times the 0.181 m water table rise of the no air simula¬
tion.
Correspondingly, there were several types of moisture
characteristic curves which caused the simulations to
predict water table rises lower than when using the average
characteristic.

The ratios between the "air encapsulation"

and "no air encapsulation" simulated water table rises were
also lower.
When the moisture characteristics were examined,

it

became clear that the steeper the moisture characteristic,
or the lower the specific moisture capacity

, the

greater the response of the water table to infiltration.
Fayer and Hillel (1982)
result.

previously reported the same

This study shows that the response is enhanced by

air encapsulation.
Raromfttr i

c. Pressure.

The approach taken in this section

was to subject different soil water profiles to the maximum
barometric pressure changes to be expected in the field and
observe any water table fluctuations.

In all cases, the

profiles contained the maximum measured values of encap¬
sulated air for each depth.

These values were obtained
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from the results of the field experiments.
The barometric pressure change was cast in the form of
a sine wave such that the maximum and minimum values repre¬
sented the respective pressures measured over the course of
one year at the field site.

The period was chosen so that

the change in pressure from the maximum to the minimum
value occurred over the same time interval as the fastest
major pressure change in the field.
1.5 days,

That interval lasted

so that the period of the sine wave change in

pressure for these simulations was 3 days.
Using Eq.

[10]

and the barometric pressure wave just

described, we simulated the response of the water table.
The results,

plotted in Fig.

12 and listed in Table 3,

indicate that for progressively deeper water tables,

the

fluctuations due to barometric pressure and encapsulated
air become smaller.

In some cases

water tables below some depth),

(i.e. when working with

the effects of barometric

pressure and encapsulated air could be ignored.
surface,

however,

this may not be the case,

Near the

as can be seen

from the 0.056 m variation when the water table was 0.3 m
below the surface
The period of the water table fluctuation matched that
of the barometric pressure wave.

This was expected since

encapsulated air at all levels of the profile would exper¬
ience the pressure changes at the same time.

?lg.

BAROMETRIC PRESSURE, kPa

CHANGE IN WATER TABLE DEPTH,

56

12.

.3irr.elated v/ater table responses to changing
barometric pressure.
Encapsulated air contents
were the maximum values measured In the field.
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TABLE

3.

Maximum simulated water table fluctuations
during a barometric pressure wave.

Initial Depth
of
Water Table
(m)

Peak to Peak
Water Table Fluctuation
(m)

Average
f(6)
Curve

Range
of t(8)
Curves

0.3

0.056

0.030-0.127

0.6

0.028

0.022-0.033

0.9

0.017

0.012-0.029

1.2

0.012

—
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According to the profile water storage study,
shape of the moisture characteristic is a factor

the

in deter¬

mining the response of the water table to given events,
with or without encapsulated air.

To see how different

moisture characteristics would affect the results of the
barometric pressure study,
initial water table 0.3,
The results,

0.6,

and 0.9 m below the surface.

using the different moisture characteristics

of Appendix D,
m depth,

simulations were run with an

are listed as ranges in Table 3.

At the 0.3

the maximum water table fluctuation was 0.127 m,

which is considerable.

Again,

the steeper moisture

characteristics enhanced the effect on the water table of
changing barometric pressure.
Temperature.

The essence of this section was to subject

the different soil water profiles to the maximum air tem¬
perature wave to be expected in the field and observe the
water table fluctuations.

As was the case for the

barometric pressure study,

the profiles contained the

maximum measured values of encapsulated air for each depth.
The temperature change was cast in the form of a sine
wave with a period of one day.
temperature was 30°K,
Using Eqs.
ted.
4,

[11]

The results,

The total fluctuation in

or 15°K about a mean of 288°K.
and

[12],

the water table was simula¬

plotted in Fig.

13 and listed in Table

indicate that the deeper the water table was within the

TEMPERATURE,
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TIME, H
Fig.

13.

Simulated water table responses to changing
air temperature.
Encapsulated air contents
were the maximum values measured in the field.
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TABLE

4.

Maximum simulated water table fluctuations
during an air temperature wave.

Initial Depth
of
Water Table

Peak to Peak
Water Table Fluctuation
(m)

Curve

Range
Of f(e)
Curves

00
•
o

Average

0.012

0.007-0.026

0.6

0.006

0.005-0.008

0.9

0.003

0.002-0.006

1.2

0.002

—

f(e)
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profile,

the less affected it was by encapsulated air

volume changes due to temperature changes.

Although this

result is similar to that of the barometric pressure study,
the magnitude of the water table fluctuations for any given
depth are much smaller under the temperature wave.

For a

water table 0.3 m below the surface, the peak to peak
fluctuation was only 0.02 m, which represents only 22
percent of the fluctuation under the barometric pressure
wave.
The period of the water table fluctuation did not
match that of the temperature wave,

in contrast with its

correspondence to the barometric pressure wave.

This was

due to the nature of the propagation of temperature through
the soil.

As a temperature wave moves into the soil,

damped and the peak delayed.

it is

At any given point in time,

parts of the profile could be heating while other parts are
cooling.

The net effect is that as a temperature wave

moving through the soil is damped and delayed, the water
table fluctuation,

in the presence of encapsulated air,

is

damped and the period increased.
A final set of simulations was run using the different
moisture characteristics
table depths of 0.3,

0.6,

in Appendix D and initial water
and 0.9 m.

The results

(Table 4)

once again indicate that the shape of the moisture charac¬
teristic affected the water table simulation.

The steeper
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moisture characteristics enhanced the water table
fluctuations due to changing temperature in the presence of
encapsulated air.

Note,

however,

that the effect was still

less than that under the barometric pressure wave.

Solubility.

The objective of this section was to simulate

the change in mass of encapsulated air due to dissolution
and determine whether
previous studies.

it was significant for two of the

The test for significance was to compare

each simulation with the no-dissolution case and see if the
predicted water table levels were different.
For the case where barometric pressure or temperature
were changing, Eq.

[13] was adjusted to include only the

appropriate differential terms and the resultant equation
was used to simulate the effect of air dissolution.
movement (convective and dispersive)

The

of dissolved air with¬

in the profile and the equilibrating fluxes of dissolved
air with the atmosphere were set equal to zero.
Fig.

14 contains plots of the water table position

under changing barometric pressure with and without encap¬
sulated air.
face.

The water table started 0.3 m below the sur¬

The inclusion of air solubility in the model

increased the water table response by about 20 percent,
from 0.056 to 0.067 m.

or

The reason for the increase is that

as the barometric pressure rose,

the bubble pressure rose.

This caused an increase in the soluble air concentration at

rig. 1*.

BAROMETRIC PRESSURE, kPa

CHANGE IN WATER TABLE DEPTH,
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Simulated water table responses to changing
barometric pressure and solubility.
Encapsu
lated air contents were the maximum values
measured in the field.
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the bubble surface,

in turn setting up a soluble air

gradient away from the bubble,
mass,

and thus the volume,

causing the encapsulated air

to decrease.

When the

barometric and bubble pressures decreased, the soluble air
concentration was towards the bubble,
volume to increase.
increase)

causing the mass and

Together with the decrease (or

in bubble volume due to increased (or decreased)

barometric pressure,

the inclusion of air solubility in the

model magnified the simulated water table response.
deeper water tables,

For

the effect was similar but less

pronounced.
The results of the water table simulations with
changing soil temperature were such that no differences
were discernible between the "air solubility" and "no air
solubility" cases.

Apparently, the change in Henry's

constant with temperature was not significant enough to
affect the simulation of water tables under these
circumstances.

Applications jtn

Field Events

Five rainfall events were chosen for simulation.

The

first two events occurred in 1979 and were previously
described by Fayer and Hillel (1982).

The remaining three

events took place in 1980 and 1982.
For each simulation,

a decision was made as to which
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aspects of the encapsulated air phenomenon to include.
all five rainfall events,
m below the surface.
simulations,

For

the water table was at least 0.6

From the results of the hypothetical

the effect of barometric pressure and temper¬

ature variations on water tables more than 0.6 m below the
surface were found to be small.

The maximum water table

variations to be expected were up to 0.02 m.

Keep in mind

that this variation was for the maximum pressure and tem¬
perature changes measured in the field.
events being simulated,

For the rainfall

the pressure and temperature vari¬

ations were much smaller.

For that reason,

and since the

water table fluctuations to be simulated were on the order
of 0.15 to 0.75 m,

it was clear that barometric pressure

and temperature effects could be ignored in these cases.
Profile water storage,

on the other hand, was shown to

be sufficiently affected by air encapsulation that water
table levels were significantly affected
within 1.5 m of the surface).

(for water tables

Inclusion of an air encap¬

sulation routine in the model could increase the projected
water table rise by 200 percent for a water table initially
at 0.9 m,

although by only 50 percent for a water table

initially at 1.5 m (following a 1 cm infiltration).
fore,

There¬

this aspect of encapsulated air was included in the

following simulations.
On June 11,

1979,

5.8 mm of rain fell during a 2 hour
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period.

The water table rose 0.15 m (from an initial depth

of 0.9 m) within 6 hours.

Fig.

15 contains a plot of the

measured water table depths and two simulations,
and one without air encapsulation.

one with

The simulation assuming

no air encapsulation greatly underpredicted the measured
water table rise by 0.1 m,

or two-thirds of the rise.

The

other simulation showed a water table rise equivalent to
the measured rise.

Following the rainstorm,

table declined rapidly to its pre-rain level.
point,

the water
After that

the two simulations were essentially identical.

On October 23,
hour period.

1979,

8.6 mm of rain fell during a four

The water table rose 0.25 m,

depth of 0.85 m,

in four hours.

Fig.

from an initial

16 compares the

measured water table data with the two simulations.

The

"no air" simulation under-predicted the measured water
table by 0.17 m,
rise.

or roughly two-thirds of the measured

The simulation that included air encapsulation

predicted water table levels equivalent to the measured
data,

although during one period,

the simulated water table

was 0.08 m higher.
On July 8,

1980,

13.0 mm of rain fell in a 40 min per¬

iod and caused the water table to rise about 0.33 m,
an initial depth of 1.6 m, within 13 hours.

from

It should be

noted that the initial water table depth was much greater
than it had been prior to the previous two rainfall events.

WATER TABLE DEPTH,
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Simulated water table response, with and with¬
out air encapsulation, to a 5*8 111111 rainstorm.

WATER TABLE DEPTH,
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Fig.

16.

Simulated water table response, with and with¬
out air encapsulation, to a 8.6 mm rainstorm.
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As shown in Fig.

17,

the simulated water table assuming no

air encapsulation barely responded to the rainfall.
rose only 0.03 m,

It

or 10 percent of the measured rise.

With

air encapsulation included, the simulated water table
response was 3-times higher

(rising 0.1 m)

but was still

only 33 percent of the measured rise.
On July 20,
period.

1982,

22.6 mm of rain fell in an 8 hour

The rain caused the water table to rise 0.56 m

from an initial depth of 1.62 m within a 24 hour period.
In Fig.

19, the response of the "no air" simulated water

table was 0.092 m,

or 16 percent of the measured rise.

The

water table rise predicted by the simulation with encapsu¬
lated air was 0.245 m,
On August 9,
period.

1982,

or 44 percent of the measured rise.
33.5 mm of rain fell over a 6 hour

The rain caused the water table to rise 0.73 m,

from an initial depth of 1.36 m, within 9 hours.
Fig.

19,

In

the "no air" simulated water table rise was 0.2 m,

or 27 percent of the measured rise.

Assuming air encapsu¬

lation, the simulated water table rise was 0.44 m,

or 60

percent of that measured in the field.
For all five events,

the predicted water table

response to the rain was increased when air encapsulation
was included in the model.

This increased response was

sufficient for the June 11 and October 23 simulated water
tables to match the measured rises.

For the remaining

WATER TABLE DEPTH,
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Fig.

17.

Simulated water table response, with and with¬
out air encapsulation, to a 13*0 mm rainstorm.

WATER TABLE DEPTH,
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Fig.

18.

Simulated water table response, with and with¬
out air encapsulation, to a 22.6 mm rainstorm.

WATER TABLE DEPTH,
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Fig.

19.

Simulated water table response, with and with¬
out air encapsulation, to a 33-5 mm rainstorm.
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events,

although the simulated water table rises were

increased,

they still fell short of the measured rises by

as much as 67 percent in the case of the July 8 storm.
Shortly after every rainstorm,
table levels

the simulated water

(with air encapsulation) declined quite

rapidly.

Once they exceeded the pre-rain depth below the

surface,

they coincided with the "no air" simulated water

tables and remained that way for the remainder of the
simulations.

The reason for this behavior

encapsulation took place,

is that when air

it was in pores that filled when

the water table was rising above its pre-rain level.
the water table declined after the rainstorm,

As

the same

pores that filled with encapsulated air previously then
emptied.

Once the water table reached or went below its

pre-rain depth,

there was no more encapsulated air and the

two simulations thereafter matched.
There are several reasons why some of the simulations
matched the measured data poorly,

even after the inclusion

of an air encapsulation routine.

First,

it was shown that

a different measured moisture characteristic would vastly
improve the results.
possible error

This illustrates the magnitude of the

involved when characterizing field water

retention with 69 cm

samples

(the size of the Tempe cell)

and averaging the results for the whole profile.

It is

clear that more attention must be given to the moisture
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characteristic as
field.

it exists at different depths in the

At the very least,

increased,

sample sizes should be greatly

preferably to ten times the size used in this

study.
Second,

the evaporation rate was set equal to the

potential rate as measured from an evaporation pan.
the deeper water tables,

For

this was most likely not the case.

Evaporation was probably some fraction of the pan rate.
so,

If

less water would have been removed from the simulated

soil profile and the water table would not have exhibited
such a rapid decline after the rainstorm had ended.
Third,

one constant value for the lateral saturated

conductivity was used throughout.

In reality,

because the

lower portion of the profile is water-sorted and stra¬
tified,

there is a distribution of conductivity values.

An

average value would depend on the water table depth and
thus which layers were conducting.

Because the lateral

saturated conductivity value controls the net lateral
movement of water through the profile,
table position.

it affects the water

If the actual average conductivity value

was less than the value used,

once again the water table

decline following the rainstorm would have been less rapid.

CHAPTER

VI

SUMMARY AND CONCLUSIONS

Experimental evidence has been presented which esta¬
blishes the existence of encapsulated air

in a field soil.

The maximum measured quantity was 6.2 percent of the soil's
bulk volume.

This may seem small,

but it represented 13

percent of the void volume and 50 percent of the pore air
space prior to wetting.

Such relatively large contents of

encapsulated air affect the storage of water

in a soil,

which in turn can determine the position of a water table
within the profile.

Add to that the fact that the volume

of encapsulated air can change due to environmental factors
without any significant change in water content,

and it

becomes evident that water table fluctuations can be quite
difficult to simulate.
In general, the drier the soil was initially, the more
air was encapsulated upon saturation.
greater the pore air space,
some of

the

the greater the likelihood of

it becoming encapsulated as the soil sorbs water.

Faster

infiltration rates tended to result in more air

encapsulation.
tions.

In other words,

This

is in accord with previous investiga¬

Essentially,

the faster the infiltration rate, the

more likely it will be that escape routes for the soil air
will become blocked, thus promoting more air encapsulation.
75
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The percentage of pore air space that became encapsu¬
lated increased for smaller

initial pore air spaces.

soil, with low pore air space,
Therefore,

A wet

has few air escape routes.

a greater percentage of the pore air space tends

to become encapsulated.
The major difficulty encountered in studying air en¬
capsulation is the lack of a reliable method for measuring
encapsulated air

in an unsaturated soil.

This prevents

researchers from determining how much encapsulated air is
released during drainage or how long it persists in an
unsaturated soil.
how much air

It also prevents the determination of

is encapsulated in different pore sequences.

Under ponded conditions,

it took up to 28 days to

eliminate encapsulated air from the profile.

Considering

how much water was percolated through the site over that
time,

it would appear that encapsulated air is not easily

dissolved from a saturated or nearly saturated profile.
Based on these results, we surmise that diffusion of encap¬
sulated air out of the profile can generally be considered
negligible for wet soils over the course of several days.
Once the profile was drained, however,
air could begin to escape.

Also,

encapsulated

in an unsaturated soil,

the diffusion path between each air bubble and the free
soil atmosphere would be decisively shorter.

Under such

conditions, diffusion of air might prove to be a signifi-
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cant factor

in reducing encapsulated air contents.

Encapsulated air has been shown to affect the storage
of water within the soil profile slightly.

The general

shape of the moisture profile above the water table resem¬
bled the moisture characteristic.

The differences,

at most

1 percent of the soil's bulk volume, were too small,
ever,

how¬

to be detected by present field measurement tech¬

niques.

Thus, measurements of soil moisture profiles most

likely cannot be used to define a water table rise as part¬
ly due to air encapsulation.
Although the changes in water storage were slight when
air was encapsulated,

the predicted water table rises

following infiltration were greatly increased.

The rises

were two to five times greater than for the "no air" simu¬
lations, depending on which moisture characteristic was
used.

In general,

the shallower the water table,

the

greater the predicted response.
The simulated response of a water table to barometric
pressure fluctuations was dependent on the quantity of air
encapsulated, the depth of the water table,
ture characteristic.

and the mois¬

The effect of the first factor, the

quantity of encapsulated air,

is apparent.

sulated air present in the soil,

The more encap¬

the greater the response

of the water table.
The second factor,

the depth to the water table,

is

78

related to the increment of the soil profile that wets or
drains as the water table rises or falls.

Shallower water

tables mean that less of the profile is involved in wetting
or drying.

Consequently,

shallow water tables are more

susceptible to fluctuations due to barometric pressure
changes.
The third factor,

the moisture characteristic, has to

do with the amount of water necessary to effect a given
change in tension.
i.e.

A steep soil-moisture characteristic,

one in which only small changes in moisture content

produce large increments of tension, will give a greater
water table response to the changing volume of encapsulated
air

(due to barometric pressure variations).

hand,
i.e.

On the other

a gradually sloping soil-moisture characteristic,
one in which large changes in moisture content cause

only small changes of tension, will generate a smaller
water table response to the changing volume of encapsulated
air.
A final observation was that the period of the water
table fluctuation was about the same as that of the baro¬
metric pressure wave.

This was expected since encapsulated

air at all depths would be affected by air pressure at the
same time.
The trend of the temperature simulation was similar to
that of the barometric pressure: the more air encapsulated,
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the greater the water table response;

and the shallower the

water table initially, the greater the response of the
water table.
acteristic,

Finally,

the steeper the soil-moisture char¬

the greater the water table response.

The magnitude of the water table fluctuations due to
temperature variations was only about one-fifth of the
magnitude of fluctuations due to barometric pressure.

The

other major difference from the barometric pressure study
was that the period of the water table fluctuation did not
correspond to that of the causative temperature wave.

The

reason was that at the greater depths of the profile, the
temperature wave was moderated not only in amplitude,
also in phase and period.

At any given time,

but

the surface

could have been warming up while some sections of the pro¬
file were cooling,

and vice versa.

Because the soil pro¬

file damps and delays the temperature wave,

it also damps

and delays the water table fluctuations due to temper¬
ature effects on encapsulated air.
Our study of air solubility effects delt with changes
in the dissolved air content as barometric pressure and
temperature rose and fell, with encapsulated air serving as
the only source or sink for the dissolved air.

The results

indicated that for periods of one to three days, the inclu¬
sion of air solubility in the model increased simulated
water table responses to barometric pressure changes by 20
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percent.

No effect was observed on simulated water tables

when soil temperature was allowed to vary.
however,

It is possible,

that with more work on encapsulated air in

unsaturated soil and with the inclusion of dissolved air
exchanges with the atmosphere and movement through the
profile,

air solubility may eventually prove to be more

important in water table modelling than our results
suggest.
Since the position of the water table for all of the
field events studied was at least 0.6 m below the surface,
barometric pressure,

temperature,

and solubility effects

were insignificant and were not included in the model.

The

effects of air encapsulation and release on profile water
storage,

and thus the water table, were significant at all

depths and were therefore included.
From the results,

it is clear that air encapsulation

can play a major role in determining the response of a
water table to an infiltration event.
fall events studied,

For all five rain¬

the water table rise was significantly

enhanced by the inclusion of an air encapsulation routine.
With the air encapsulation mechanism,

simulated water table

rises were double to triple the rises predicted without
this mechanism.
In all cases,

shortly after each rainstorm, the simu¬

lated water table declines, with air encapsulation taken
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into account, were very rapid until the water table had
reached its pre-rainfall level.

After that,

both the "air"

and "no air" simulations were nearly identical.
As for matching the measured water table data,

the

"air encapsulation" simulations of shallow water tables
closely approximated the measured water table responses.
"Air encapsulation" simulations of the deeper water tables
(1.5 m),

predicted water table rises that were only one-

third the measured rises.

The three major factors under¬

lying the failure of the simulated water tables to match
the measured data are the unrealistic descriptions of the
moisture characteristic,

the evaporation rate,

and the

lateral saturated conductivity.
There are a number of possibilities for future inves¬
tigations.

First,

the field sprinkling experiments could

be run repeatedly for several sprinkling rates.
data,

With more

a clearer relationship between the initial pore air

space,

infiltration rate,

air contents may emerge.

and soil depth and encapsulated
Furthermore,

running the experi¬

ments at several sites may clarify the effect of soil dif¬
ferences between sites.
A second avenue of research could be a laboratory
repetition of the field sprinkling and ponding experiments,
preferably with undisturbed soil columns from the field.
Using a gamma-ray device,

much more accurate and precise
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measurements of moisture contents,
tics,

moisture characteris¬

and porosities could be taken.

Also, measurements of

the infiltration and drainage rates could be tied to the
rate of encapsulated air removal.

Such an experiment might

provide the data necessary to further test the present
theory regarding encapsulated air and its removal.
Before further attempts are made at refining an air
encapsulation routine for
water dynamics,

however,

done on the model inputs,
acteristic,

inclusion in a model of soil
I would suggest that more work be
including the soil-moisture char¬

the evaporation rate,

vertical saturated conductivity.

and the lateral versus
The uncertainty involved

in describing these soil parameters may be significant
enough to mask most of the effects of encapsulated air.
In summary,

encapsulated air has been shown to be

measurable and durable in a field soil.

Its occurrence

affects the position and movement of the water table,
particularly where the water table is shallow.

For special

situations where the water table is very near the soil
surface,

such as those of wetlands and stream banks,

air

encapsulation may indeed play a decisive role in generating
increased groundwater discharge and runoff during
rainstorms.
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APPENDIX A
NOMENCLATURE

Symbol

Definition

Unita

Soil surface temperature amplitude

°K

c

Concentration of dissolved air

M/L3

d

Soil temperature damping depth

L

Diffusion-dispersion coefficient of
air in water

L/T2

h

Thickness of the saturated zone

L

I PAS

Initial pore air space prior to wetting

LJ/LJ

K

Hydraulic conductivity

L/T

Henry's Law constant for air

T /LZ

Saturated hydraulic conductivity

L/T

Mass of encapsulated air per unit volume
of medium

M/L3

Number of bubbles per unit volume of
medium

1/L3

Lateral flux of water

l2/t

Fraction of the initial pore air space
that becomes encapsulated upon
wetting to "saturation"

3
3
L /L*5

Atmospheric pressure

M/LT2

Bubble pressure

M/LT2

Water pressure

M/LT2

r

Radius of air bubble

L

R

Gas constant for air

lz/t

t

Time

K

3

M

N

*1
PCAIR

P
P

a
b

3

2

2

3

2

2

88

T

Temperature

TAVE

Average soil surface temperature

0K

V

Volumetric encapsulated air content

LJ/LJ

x

Horizontal dimension

L

z

Vertical dimension

L

8

Volumetric water content

l3/l3

6^

Lowest antecedent water content

l3/l3

0

Apparent volumetric water content

l3/l3

y

Matric potential

M/LT2

(j-

Surface tension

M/T2

CO

Radial frequency

1/T

K

3

3
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APPENDIX B
AIR ENCAPSULATION ROUTINE

The amount of air encapsulated and released is mainly
a function of the moisture characteristic, the lowest pre¬
vious moisture content,

and the present moisture content.

These three factors have been incorporated into the soil
water model used in this study.
the rate of wetting/drying,

Contact-angle hysteresis,

and soil air pressure, while

certainly affecting the amount of air encapsulated and
released, were not included in the model to avoid com¬
plexity.

Also,

for short term events of one or two days,

the change in bubble mass by diffusion is likely to be
small and was neglected.
The logic of the encapsulated air routine used in the
work reported in this study is displayed in the flow chart
of Fig.

20.

On each pass through the model,

content is checked to see if
previous water content.
calculated using Eq.

[16]

the water

it is lower than the lowest

If so,

a new value of PCAIR is

from the field experiments.

The

volume of encapsulated air at this time would be zero.
Once the water content exceeds the lowest previous water
content,

air

is encapsulated according to the equation

V = PCAIR (9 - 9^/(1 - PCAIR)

[4]
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Fig.

20.

Flow chart of the air encapsulation routine.
For each water content value generated during
the course of a simulation, a corresponding
matric potential value is generated that
accounts for the presence of encapsulated air.
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In both cases,

the soil water tension will be determined

from the moisture characteristic as a function of the
apparent water content,

not the actual water content,

such

that

fVisually,

f(P) = f(e + v)

[17]

the process is depicted in Fig.

wets up from ©^ to 9,

21.

As the soil

some air volume V is encapsulated.

Since soil water tension will depend on the apparent,

and

not the actual, water content, the ^ term is used instead
of 'Pq.

Note that at saturation,

the apparent water content

will equal the porosity.
The air encapsulation routine just described is simi¬
lar to that of Fayer and Hillel (1982)
gards.

First,

except in two re¬

9^ is now allowed to vary as the profile

drains, whereas previously it was set equal to the initial
water content.

Second,

the PCAIR value is a function of

the initial pore air space,

the relationship having been

derived from field experiments.

This is a definite

improvement over the work of Fayer and Hillel, who used
constant values of PCAIR for all values of
space.

initial pore air

TENSION
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WATER CONTENT

Pig.

21.

Effect of air encapsulation on the matric
potential.
As the soil wets from
to 0,
a certain volume V of air is encapsulated.
Instead of reading the matric potential as a
function of 0, or
(0), the potential is read
as a function of 0, or
(0), where 0 = 0 + V.
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Appendix C
BUBBLE PRESSURE APPROXIMATION ERROR

In the equation

pb " Pa + * + 2<r/r

C8]

the question arises as to whether the "2<T/r" term is small
enough in comparison to the "P
that it can be ignored.

This question can be answered by

plotting the relative error
bubble radii,

RE =
In Fig.

22,

+" term (which equals P )

(RE)

involved for different

assuming spherical bubbles.

(Pb"Pw)/Pb = 1/(1 + r(Pa + VH/2<H

[18]

plots of RE versus bubble radius for three

different matric potentials show that the error

increases

as r becomes smaller and as the matric potential de¬
creases.

Arriving at some value for a bubble radius

determines the error

involved.

If the error

is acceptable,

the term n2(F/rn can be dropped.
For the particular soil used in this study,

a Ninigret

fine sandy loam, the capillary fringe is estimated from
moisture characteristic data to be approximately 0.3 m.
This translates into the largest pores having radii of 0.05
mm.

For bubbles of this size,

the error

involved in ne¬

glecting the pressure difference across the bubble meniscus

RELATIVE ERROR

94

BUBBLE RADIUS, fJLm

Fig.

22.

Relative error associated with the replacement
of the bubble pressure with the soil water
pressure, thus ignoring the pressure difference
across the bubble meniscus (see Eq. [7]).
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would be 2.9 percent at the water table and 3.5 percent for
matric potentials of -20 kPa.
required,
tively.

2

Whenever the

term is

the errors would be 5.7 and 6.8 percent,
For smaller bubbles,

respec¬

the errors would be greater.

If errors larger than 2 to 3 percent are not acceptable,
then it appears that the "2(J7r" term should be included in
any study of the Ninigret soil.
capillary fringe of one meter,
pore radius would be 0.015 mm.

For finer soils with a
for example,

the largest

The error at the water

table would be 9.1 percent (for the P^

2

term,

19.1

percent).
In reality,
being so,
(20"/r)?

the bubble radius is not constant.

can £p^ be replaced by <$Pw,
Norum (1967)

thus ignoring

arrived at the following formulation

of 6p^/^Pw which includes changes
nores changes in mass

That

in bubble volume but ig¬

(which are considered to be small):

<$Pb/<$Pw - 1 + l/(3r Pw/2<r +2)

Fig.

23 shows the variation of <$Pb/<$Pw with bubble

radius for three matric potentials.
decreases,

[19]

the ratio,

As the radius

and thus the error

involved, becomes

increasingly larger
For the soil studied,
mm, the error

assuming a bubble radius of 0.05

involved is approximately 1 percent for the
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BUBBLE RADIUS, /zm

wig.

23.

Error involved in replacing the differential
term
Pb with
Pw in Eq.[7], assuming the mass
remains constant.
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given range of matric potentials.
acceptable for the study.

This

is considered

For the finer soil example men-

tioned earlier, the error approaches 3 percent, which may
not be acceptable.
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